The results of a world-wide coordinated observational campaign on the broad-lined Type Ic SN 2003jd are presented. In total, 74 photometric data points and 26 spectra were collected using 11 different telescopes. SN 2003jd is one of the most luminous SN Ic ever observed. A comparison with other Type Ic supernovae (SNe Ic) confirms that SN 2003jd represents an intermediate case between broad-line events (2002ap, 2006aj), and highly energetic SNe (1997ef, 1998bw, 2003dh, 2003lw), with an ejected mass of M ej = 3.0±1 M ⊙ and a kinetic energy of E k (tot) = 7 
INTRODUCTION
In the past decade, the discovery of the connection of some gamma-ray bursts (GRBs) with Type Ic supernovae (SNe Ic; see Filippenko 1997 , for a review of supernova classification) boosted interest in the study of this type of SN (Galama et al. 1998; Stanek et al. 2003; Hjorth et al. 2003; Malesani et al. 2004; Pian et al. 2006; Soderberg et al. 2006; Campana et al. 2006 ).
In the current paradigm there is a distinction between normal SNe Ic of relatively low kinetic energy (E51 = EK /(10 51 erg) ≈ 1; Nomoto et al. 2001) , of which SN 1994I represents a prototype, and high-energy, broadlined events like SN 1998bw (E51 > 10; Iwamoto et al. 1998; Maeda et al. 2002) which are associated with GRBs. To understand whether these are separate subclasses or extreme cases of a continuous distribution, it is necessary to study in detail intermediate cases such as the broad-lined SN 2002ap (Gal-Yam et al. 2002; Foley et al. 2003) , which had an intermediate explosion energy (E51 = 4 − 10; Mazzali et al. 2002) and was not connected with a GRB, or the broadlined, low energy (E51 ≈ 2) SN 2006aj associated with XRF 060218 Maeda et al. 2007 ).
Here we discuss the case of SN 2003jd, a broad-lined object showing clear evidence of an asymmetric explosion (Mazzali et al. 2005 ) but with no confirmed GRB connection (Ofek et al. 2003; Hurley et al. 2003) . Asymmetry is probably a key factor in understanding the diversity of SNe Ic. SN 2003jd was discovered (Burket et al 2003) on 2003 Oct. 25 (UT dates are used throughout this paper) with the Katzman Automatic Imaging Telescope (KAIT) during the Lick Observatory Supernova Search (Filippenko et al. 2001; Filippenko 2005 image (mag < 19), which sets a tight limit to the explosion epoch ( 13 d before B maximum). On 28 Oct., SN 2003jd was classified as a peculiar Type Ic event with very broad features analogous to those of SN 1998bw and SN 2002ap (Filippenko et al. 2003) .
The new interest in this kind of event prompted an intensive follow-up campaign at different observing sites, lasting for about three months. Few more observations in the late nebular phase were taken about one year later. This paper, which presents and discusses these observations, is organized as follows. In §2 we describe the observations and data-reduction techniques. We describe the photometric and spectroscopic data of SN 2003jd in §3 and §4. In §5 we characterize the host galaxy, and in §6 we compare SN 2003jd with a sample of well-studied SNe Ic: 1994I, 1998bw, 2002ap, 2004aw and 2006aj . §7 presents the bolometric light curve of SN 2003jd, computed using all available photometric data. The similarity with SN 2006aj/GRB 060218 is discussed in §8, together with a discussion of the (lack of) evidence for an associated GRB. Finally, in §9, using simple bolometric light-curve modelling, we derive some basic explosion parameters.
OBSERVATIONS AND DATA REDUCTION
An extended spectrophotometric monitoring campaign on SN 2003jd started 3 d before B maximum and continued through 90 d after B maximum, using several telescopes. Additionally, three observations at 10-12 months after explosion were obtained using the 10 m Keck I telescope, the Subaru 8.2 m telescope, and the 8.2 m Very Large Telescope (VLT). The late-time VLT imaging of the SN obtained under very good seeing conditions (0.5 ′′ ) shows a broader component underlying the stellar point spread function (PSF) of the SN, probably owing to contamination from a starforming region (see Fig. 2 ).
All photometric and spectroscopic data were pre- reduced (trimming, bias subtraction, flat-fielding) using IRAF 1 packages. In images where the SN was bright, the SN magnitudes were measured using a PSF-fitting technique in the SNOOPY 2 package. At nebular epochs (phase 70 d), the magnitudes were measured after subtracting a template image obtained with the Subaru telescope, 788 d after B maximum. For the image subtraction we used the ISIS package (Alard 2000) , which allows proper matching of the PSF of the target and template images. The template-subtraction technique is an highly effective method to remove background contamination and allows one to measure objects significantly fainter than the background.
Even though we didn't use the template subtraction technique at early phases, a few tests of galaxy subtraction at selected earlier epochs have confirmed that the PSFfitting technique gives consistent measurements when the SN is bright (deviations < 3%).
Observations of standard fields (Landolt 1992 ) during photometric nights were used to match a local sequence of reference stars (see Fig. 1 and Tab. 1), which were used to calibrate the observations obtained under non-photometric conditions.
Despite the moderate redshift of SN 2003jd (z = 0.0187), the K-correction for the SN photometry are not negligible. We estimated their values by measuring the difference between synthetic photometry in the observed and rest-frame SN spectra (see below). K-corrections between 0.01 and 0.1 mag were measured depending on the band and the SN phase.
Spectroscopic observations were pre-reduced in the same manner as for imaging, with the additional step of fringing contamination removal using the normalized quartz standard. In the extraction of the spectra we took special care to minimize the background contamination subtracting the spectrum of the underlying star-forming region as observed after the SN faded, two years after the explosion. Even so, the Hα, Hβ, [O iii] , [N ii], and [S ii] emission lines from the H ii region could not be removed completely. Fortunately, these narrow lines are well distinguished from the broad features of the SN.
All spectra were wavelength and flux calibrated using arc lamps and spectrophotometric standard-star spectra observed during the same night. In most cases observations were obtained with the slit oriented along the parallactic angle (Filippenko 1982) . The spectra were also corrected for atmospheric extinction and telluric bands were removed using standard-star observations. The calibrated spectra were compared with the photometry and, when necessary, multiplied by a constant to correct for slit losses.
PHOTOMETRY
The BV RI data range from −3 d to 90 d from B maximum with dense coverage and only a small temporal gap (3-11 d past B maximum; see Tab. 2). We also obtained two very late observations which were used to measure the slope of the radioactive-decay tail. In Tab. 2 we report the BV RI magnitude of SN 2003jd in the standard Johnson-Cousins system and the estimated K correction.
The light curves of SN 2003jd in the different bands are shown in Fig. 3 . The data up to 85 d after B maximum were obtained mainly through automated follow-up observations with the KAIT, Wise, and Palomar telescopes. Unfortunately, the exposure times used for these observations were independent of the atmospheric conditions and object brightness. This results in a low signal to noise ratio (S/N < 15) for the SN images near 80 d past B maximum. In those exposures where the SN was below the detection limit, we placed upper limits (see Tab. 2).
The maximum luminosity 3 occurred on 2003 Oct. 30 at 16.34±0.06 mag in the B band, and 2, 3, and 5 d later in the V , R, and I bands, respectively (Tab. 3). The epoch of explosion is likely shortly before the pre-discovery image taken 13 d before B maximum. Indeed, 13 d is even the rise time suggested by spectral modelling (Sauer et al. in prep.) . This rise time is longer than that of SN 2006aj (9.5 d as measured from the date time of the GRB Campana et al. 2006 ) and smaller than in the case of SN 1998bw (∼ 15 d Mazzali et al. 2001) . The light curves are typical of SNe Ib/c, with a rapid decline after maximum followed by a much slower decline. The transition, which is not well defined in the case of SN 2003jd, occurs ∼ 30 d after B maximum. Fig. 4 shows the late-time light curves of SN 2003jd, from 50 d to 383 d after B maximum. The short horizontal segments on the right mark the magnitudes of the background star-forming region as measured via PSF fitting on the Subaru images of 2005 Dec. 25 (seeing ∼ 0.8 ′′ ). The actual background contamination depends on the sky conditions and is, of course, larger in nights with poor seeing.
The late-time luminosity decline rates were computed via weighted linear least-squares fits to the observations (see Fig. 4 Adopting the distance modulus of the host galaxy MCG-01-59-21 (µ = 34.46 mag; see §5) and assuming E(B − V ) = 0.14 mag for the total interstellar extinction ( §5), we estimate that SN 2003jd reached an absolute magnitude at maximum of −18.9 ± 0.3 in the V band. This value is comparable to the magnitude of SN 1998bw (−19.12 ± 0.05) 4 and much brighter than the magnitudes of SN 2002ap (−17.37 ± 0.05) and SN 1994I (−17.5 ± 0.3).
SPECTROSCOPY
Spectroscopic monitoring started one day before B maximum light and continued until 51 d after B maximum (see Tab. 4). In addition, using the Subaru and Keck telescopes, The errors (in parentheses, in decimal) are computed taking into account both the uncertainty of the PSF fitting of the SN magnitude and the uncertainty due to the background contamination (computed by the artificial-star experiment). we secured two spectra at late epochs, 317 and 354 d after B maximum, respectively.
Photospheric spectra
The spectra obtained in the first two months after explosion are shown in Fig. 5 (upper panel; wavelengths are in the SN rest frame). The early-time spectra show broad absorption features similar to those observed in SNe 1998bw, 2002ap, and 2006aj . These features suggest that a significant amount of the gas is moving at velocities larger than 15000 km s −1 . As the spectra evolve and the velocity at which they form decreases, the spectral features become less blended than in SN 1998bw and the typical features of normal SNe Ic emerge, even if the spectral time evolution remains slower than that of SN 1994I (see §7.1).
The absorption features close to 5660Å and 6200Å are probably due to Na i D and Si ii, respectively, with possible contamination by He i in the Na i D feature and Ne i in the Si ii. Contamination by Hα or C ii to the Si ii line can also not be excluded. The Ca ii near-infrared (IR) triplet and O i at 7770Å are prominent and only marginally blended.
Close to ∼6770Å and ∼7005Å, SN 2003jd shows two not easily identified lines. Helium at ∼11,000 km s −1 could explain these features, but the complete absence of the He i 6678Å and the low strength of the feature at ∼5650Å, that in this case should be identified as He i at 5876Å, make this identification unlikely.
In Fig. 6 we show the spectrum of SN 2003jd ∼ 2 weeks past maximum, compared with the spectra of other SNe Ic at similar epochs.
The spectra are arranged in order of increasing line width (top to bottom), as exemplified by the iron lines around 4000-5000Å. In particular, the two absorptions with minima at ∼4720 and ∼4990Å , caused by the Fe ii lines (4924Å, 5018Å, 5170Å), are clearly visible in the SN 1994I-like SNe Ic, while they are partially or completely blended in the other objects.
The increase of the line width is also visible in the red part of the spectra, with feature such as O i 7774Å and the Ca ii near-IR triplet.
Photospheric velocity
Because of severe line blending in broad-lined SNe Ic, estimating of the photospheric velocity from direct measurement of the minimum of specific spectral absorption lines is particularly difficult.
We used the Si ii line (6355Å) as the best tracer of the photospheric velocity, with the caveat that other ions may contribute to the ∼6200Å absorption. In SN 1994I, ? ? for example, a number of potential contaminants have been suggested: detached He i (6678Å) (Clocchiatti et al. 1996) , detached C ii (6580Å) (Elmhamdi et al. 2006 ), detached Hα , and Ne i (6402Å) (Sauer et al. 2006 ).
In Fig. 7 , we show a comparison of the Si ii spectral region for three SNe Ic (1994I, 2003jd, and 1996aq) , all showing a second component in the ∼6200Å absorption line indicative of line blending.
As in the case of SN 1994I, we assume that for SN 2003jd only the blue component is due to Si ii, whereas the red wing is dominated by some other lines. With this as- sumption we estimate a photospheric velocity of ∼14,200 km s −1 at B maximum and ∼7900 km s −1 one month later. These values are in good agreement with the photospheric velocity deduced from spectral modelling (v ≈ 13,500 km s −1 and v ≈ 8000 km s −1 , respectively; Sauer et al. in prep.) . The identification of the second contributor to this feature remains dubious: Ne i is a possible candidate, but C ii or Hα cannot be excluded as suggested for other SNe Ic .
The evolution with time of the expansion velocities measured from a few of the features mentioned above is shown in Fig. 8 . The O i and Ca ii velocities are significantly higher than the Si ii velocities, but with similar slopes. On the other hand, the velocity of Na i D shows a very rapid decline near B maximum. This is probably not real, but rather due to contamination by He i.
Late-phase spectra and asymmetry
The nebular spectra (see also Mazzali et al. 2005) show forbidden emission lines, in particular Mg i] and [O i], typical of SNe Ic, but with a peculiar double-peak profile (see Fig. 9 ). Mazzali et al. (2005) interpreted this as evidence for a strongly asymmetric explosion with some of the material moving at high velocity within a jet-like structure. The double-peak profile suggests an angle of 70
• between the jet axis and the line of sight. This configuration is consistent with the non-detection of an associated GRB, because the GRB would be beamed along the jet direction and not towards the observer (see §8).
Recently more SN Ib/c with a double peak have been found (Maeda et al. submitted Figure 8 . Photospheric velocity for the Na i D (5890Å, 5896Å), Si ii (6355Å), O i (7770Å), and Ca ii (8498Å, 8542Å, 8662Å). The measurements of the O i velocity were done fitting a Gaussian to the absorption minimum. The fitting of the Si ii line was done using two Gaussian functions, taking the blue one as the Si ii line. The photospheric velocity of Ca ii and Na i D were calculated at the blueshift of the minimum away from an estimated wavelength of 8579Å (Ca ii) and 5891Å (Na i D) via a weighted average of the three and two components of Ca ii and Na i D, respectively (Thomas et al. 2004 ). a typical SN Ic with a moderate photospheric expansion velocity (9000 km s −1 , as deduced from spectral modelling (Elmhamdi et al. 2006) ) and luminosity (MV ≈ −17 mag). This would suggest that asymmetric explosions are not unique to energetic broad-line SNe Ic.
ENVIRONMENT PROPERTIES:
MGC-01-59-021
There are no direct estimates of the distance to MGC-01-59-21, the host galaxy of SN 2003jd, and therefore we must resort to the recession velocity and the Hubble law. However, this method gives a good estimate of the distance, albeit with a large uncertainty. Using the radial velocity corrected for Local Group infall into the Virgo Cluster (5625 km s The presence in the spectra of a narrow Na i D line at the host-galaxy redshift with equivalent width EW = 0.62 ± 0.02Å support extinction in the host galaxy. Interstellar gas is usually associated with dust, and indeed there is a general correlation between Na i D EW and colour excess, although with a large dispersion (Turatto et al. 2003) .
Since SN 2003jd at B-band maximum was already one of the bluest SNe Ic ever observed (see Fig. 11 ), we exclude the possibility that the relation between Na i D EW and colour excess for SN 2003jd can follow the steeper relation of Turatto et al. (2003) . Assuming a conservative relation reported by Turatto et al. (2003) , namely E(B − V ) = 0.16EW, we estimate E(B − V ) host ≈ 0.10 The spectra of the host galaxy taken at +788 d, long after the fading of the SN, can be used to estimate the metallicity and star-formation rate (SFR) of the region were SN 2003jd exploded. Following Pettini & Pagel (2004) , from the [O iii] and [N ii] line strengths we derive an oxygen abundance of 12 + log(O/H) = 8.4 ± 0.1 dex. A slightly higher value (12 + log(O/H) = 8.7 ± 0.1 dex) is obtained using the Pagel et al. (1979) . The two estimates bracket the measurement by Modjaz et al. (2007) ; they confirm that the metallicity of the SN 2003jd host is below average for local galaxies and similar to that of the SN 1998bw host (Modjaz et al. 2007 ). On the other hand, MCG-01-59-021 is a luminous galaxy, MB = −20.3 mag (LEDA), which is somewhat at odds with the medium to low metallicity (see Fig. 5 of Modjaz et al. 2007 , and Fig. 1 of Prieto et al 2007) .
The SFR at the SN location can be estimated from the Hα flux, 7.1 ± 0.5 erg s −1 cm −2 . Following Kennicutt (1998), we estimate a SFR ≈ 0.04 M⊙ yr −1 , which is in fair agreement with the value derived by Modjaz et al. (2007) (SFR = 0.07 M⊙ yr −1 ). This SFR is typical for H ii regions, and similar for instance to that derived for the environment of SN 2006aj: SFR ≈ 0.06 M⊙ yr −1 (Pian et al. 2006 ).
LIGHT AND COLOUR CURVES OF SN 2003JD
In Fig. 10 After the peak, the colour turns slowly back to the blue, following the evolution of SNe 1998bw and 2002ap, while SN 2004aw remains red. This behavior could be real or simply due to an underestimate of the reddening of SN 2004aw, as suggested by Benetti et al. (2006) . For SN 2004aw we have adopted the colour excess computed by Taubenberger et al. (2006) , E(B − V ) = 0.37 mag, using the conservative relation between reddening and the EW of the interstellar Na i D lines (Turatto et al. 2003) .
Light-curve parameters
In an attempt to characterize quantitatively the light curves of SNe Ic, by analogy with SNe Ia we use four observable parameters: (i) the absolute magnitude at maximum brightness (M ); (ii) the "stretch" factor (s) relative to the light curves of SN 1998bw which is taken as reference 5 (Perlmutter et al. 1997; Bloom et al. 2002) ; (iii) the difference in V -band magnitude between maximum and +60 d, after expanding the time scale using the stretch factor (∆m60s); and (iv) the slope of the linear late-time tail (γ).
As shown in Fig. 12 , the stretch factor allows an excellent description of the light curves of different objects up to ∼30 d after maximum, whereas some spread remains at later phases. The parameter ∆m60s has been introduced to take this spread into account. In Fig. 12 , we also show the V -band light curves of SN 1997ef and SN 1992A. SN 1997ef is the SN Ic with the slowest known light curve, even slower than that of SN Ic 2004aw, while SN 1992A is a SN Ia. Up to +30 d the stretched V -band light curve of SN 1992A follows the same shape, but later it has a steeper tail than SNe Ic. This is due to the inefficient trapping of γ-rays in SNe Ia than in SNe Ic. At wavelengths longer than the V band (not shown here), the light-curve shapes of SNe Ia and SNe Ic are distinguished by the second peak that SNe Ia show at ∼2 weeks after B maximum. Whether a correlation between stretch and luminosity applies to SNe Ic as it does for SN Ia should be investigated. However the uncertainties on the reddening estimate and the small number of SNe Ib/c with good data coverage 6 make the issue complex (Valenti et al. in prep.) . 1997ef, which appears to have the slowest light curves, and SN 1994I, which is the fastest.
BOLOMETRIC LIGHT CURVE OF SN 2003JD
The bolometric light curve is a fundamental observational description of a supernova, which can be readily used to validate model predictions. Unfortunately, because of the restricted spectral range covered by the observations, in general it is impossible to derive true bolometric luminosities for SNe. Moreover, the light curve in a given photometric band can be heavily affected by the evolution of few individual lines and does not reflect the bolometric evolution of the SN. As a first-order approximation to the bolometric luminosity, it is possible to integrate the SN emission in the spectral window accessible from the ground, redwards of the ultraviolet (UV) atmospheric cutoff to the near-IR (JHK). This is known as the uvoir bolometric luminosity. In the case of SN 2003jd we have to face the additional limitation that observations are available only for the BV RI optical bands. To cope with this limitation, we adopt the following strategy: (i) we integrate the BV RI emission of SN 2003jd as a function of time (the "quasi-bolometric light curve"); (ii) we compare the results with the same quantity derived for other SNe Ic; and (iii) we attempt to estimate the expected contribution from the unavailable UV and IR bands.
To derive the BV RI integrated SN luminosity, the observed magnitudes were corrected for reddening, converted to the flux density at the effective wavelength using the definition of the standard Johnson-Cousins system (Buser & Kurucz 1978; Bessell 1983) , and integrated using Simpson's rule. Adopting a distance modulus for each SN, the integrated flux was then converted to luminosity.
The comparison between quasi-bolometric (BV RI) light curves (Fig. 13) To estimate the contribution of the missing UV and IR spectral regions to the bolometric luminosity, we must resort to comparisons with other SNe. For this purpose we computed the contribution of JHK emission to the total flux for different SNe Ic and, for comparison, for two SNe II and for a SN Ia (Fig. 14) . The IR contribution is indeed significant, increasing from 20% near maximum brightness up to 40-50% one month later. This is similar to other corecollapse SNe, and larger than in SNe Ia, where it reaches ∼ 30% one month past B maximum and decreases to 20% at late phases. Conversely, the UV contribution for SNe Ib/c and SNe Ia is not so important: ∼15% during the first week after explosion, decreasing later to only 5-10%.
Because of the similarity with the quasi-bolometric light curve of SN 2002ap 7 , we assume that the fractional contributions of the UV and IR emission to the bolometric light curve of SN 2003jd are the same as for SN 2002ap 8 . We added this contribution to the quasi-bolometric (BV RI) light curve and we used the derived bolometric light curve of SN 2003jd to estimate the peak bolometric luminosity, the slope of the late-time tail and moreover to compute a rough estimate of the physical parameters: Mej , MNi, and E k (see §9). . This is similar to that of SN 1998bw and implies a progressively increasing transparency to the γ-rays produced in the 56 Co → 56 Fe radioactive decay.
Spectral evolution and stretch factor
In §6 we introduced the stretch factor, to take into account the different time evolution of SN Ic light curves. The spectral evolution seems to follow a similar behavior: SN 1997ef, which has the slowest light curve in our sample, still shows photospheric features at 150 d (Mazzali et al. 2004 ), while SN 1994I, which has the fastest light curve, starts to show nebular features just two months after maximum brightness. In order to investigate whether this behavior is a signature of a spectral sequence, we compared spectra of SNe Ic using a stretched time scale. In practice, we took as reference the inferred epoch of explosion for each event (see Tab. 7), and we labeled spectra with a "stretched" phase obtained by scaling the phase past explosion by the stretch factor derived from the light-curve shape.
We then compared spectra of different objects at the same stretched time. This is shown in Figs. 15 and 16 , where the epochs are ∼3 weeks and ∼5 weeks past explosion, respectively, in the time frame SN 1998bw.
As the figures show, with this approach part of the spread of the sample is removed. SN 1994I, with the fastest light curves (SN 1994I, s = 0.50) and SN 2004aw, with the second-slowest light curves (SN 2004aw, s = 1.32), appear very similar both in their line profiles and expansion velocities. The major differences between the two SNe seen close to 5700-5800Å in Fig. 6 , disappears in Fig. 15 . Indeed, the strong absorption close to 5700-5800Å in SN 1994I at +2 weeks (mainly caused by Na i D) develops at about +1 month in SN 2004aw (see Fig. 16 ). Figure 16 . Comparison of spectra of SNe Ic at a stretched-time of ∼5 weeks past explosion (computing time in SN 1998bw frame).
Next to each object name, we report the phase after the explosion in the stretched time scale and, in parentheses, the phase relative to the observed B maximum.
The spectrum of SN 2006aj is missing, because the object was too close to the Sun at the relevant time.
The stretch of the time scale does not completely remove the heterogeneity of the sample. Indeed, SNe 2002ap, 2006aj, and 2003jd show broad lines at all epochs, but never as broad as in SN 1998bw. The features of SN 1994I and SN 2004aw are the narrowest of the sample. While the time stretching for the light curves works well, for spectroscopy it can partially help in the comparison of similar objects (SN 2004aw and SN 1994I) .
Other parameters are required to explain the remaining differences. The different line widths are probably connected to the expansion velocity and to the kinetic energy per ejected mass ratio (E k /Mej ). Moreover, the asymmetric explosion and the viewing angle make the scenario even more complex, as is already the case for nebular spectra (Maeda et al. 2006a ) and light curves (Maeda et al. 2006b) The flux deficiency in the blue part of the spectra seen in the figures for a few SNe Ic deserves some discussion. Mazzali et al. (2002) suggested that the blue deficiency is related to the high expansion velocity and to the consequent severe blending of the many Fe iilines at these wavelengths.
The fact that SN 2003jd has higher blue emission than SNe 1998bw and 2006aj, and a relatively narrow Fe feature at ∼4900Å, strongly suggests that the Fe layers have slower expansion velocities in SN 2003jd than in other objects. In a scenario where iron is mainly expelled along the jet (Maeda et al. 2002) , the lower expansion velocity of the Fe lines in SN 2003jd is in agreement with the idea that in this SN, the jet was out of the line of sight (Mazzali et al. 2005) .
However, except the blue excess, the object with spectra similar to those of SN 2003jd is SN 2006aj. This is visible in Figs. 6 and 15 , and it is also evident comparing the spectra close to maximum brightness (see Fig. 17 ). 
WAS THERE A GRB ASSOCIATED WITH SN 2003JD?
The close similarity of SN 2003jd with SN 2006aj/XRF 060218 prompted the quest for a possible GRB associated with SN 2003jd. The main argument against a relativistic jet along or off from the line of sight is the non-detection of SN 2003jd at radio wavelengths, despite the extensive search for radio emission extending from soon after explosion to 1.6 yr later . The early radio observations are sensitive to both typical GRBs and sub-energetic GRBs (e.g., XRF-SN 2006aj) viewed along the jet axis, while at late times, since the ejecta are roughly spherical, radio observations should be sensitive to both typical GRBs and sub-energetic GRBs viewed off-axis.
For SN 2003jd, the earliest radio upper limit (at t ≈ 10 d) implies a radio luminosity a factor of 10 below that of a sub-energetic GRB radio afterglow such as XRF-SN 2006aj , at a comparable epoch. Therefore, radio and X-ray observations show no evidence for any typical GRB or a sub-energetic GRB viewed along the axis.
On the other hand, the double-peaked [O i] emission in the nebular spectra suggests significant asymmetry of the explosion, consistent with the presence of a jet-like structure oriented away from the line of sight. Even though there was no late-time radio of SN 2003jd, suggesting no evidence for a typical GRB viewed off-axis , an off-axis GRB in a low-density circumstellar medium cannot be excluded.
We investigated the (lack of) evidence for a possible GRB associated to SN2003jd (Ofek et al. 2003; Hurley et al. 2003) . Assuming that the GRB was simultaneous with the SN, the temporal window to be searched is well defined (16± 2 Oct. 2003; Sauer et al. in prep.) .
To search for a possible GRB associated with SN 2003jd, we used the data of the interplanetary network (IPN). In the 14-18 Oct. 2003 search window, the IPN consisted of the HETE and RHESSI spacecraft in low-Earth orbit, INTEGRAL (SPI-ACS detector) at 0.5 light-seconds from Earth, Wind (Konus detector) at 1.8 light-seconds from Earth, Mars Odyssey (High Energy Neutron Detector and Gamma Sensor Head detectors) at 268 light-seconds from Earth, and Ulysses (GRB experiment) at 2940 light-seconds from Earth. All instruments were on and operating nominally throughout the search window, although Konus-Wind was in a solar particle event, which raised its threshold slightly.
In this configuration, the IPN acts as a true all-sky monitor for GRBs and other fast transients, with virtually no Earth-occultation or duty cycle considerations. Its lower-energy threshold is ∼25 keV, and its flux and fluence thresholds, although very dependent on the burst time history, are ∼1 photon cm −2 s −1 and 10 −6 erg cm −2 , respectively. At these levels, the probability of detecting a burst is roughly 50%. Three GRBs were clearly detected in the search window by more than one spacecraft. All of them can therefore be classified as confirmed cosmic events, and could be localized. However, the localization regions excluded the position of SN 2003jd in all cases. Other, weaker events may also have been present, particularly in the Konus-Wind data, but their interpretation is complicated by the solar particle background.
Thus, if SN 2003jd indeed produced a GRB, we are left with the following possible conclusions: (i) the GRB was beamed away from us; (ii) the GRB was weak, below the IPN flux and fluence thresholds; or (iii) the GRB had a soft spectrum, with little or no emission above 25 keV. Any combination of the above properties is also possible.
PHYSICAL PARAMETERS FROM THE BOLOMETRIC LIGHT CURVE
The modelling of the bolometric light curve can be used to constrain the parameters of the explosion, in particular Mej , MNi, and E k . For this purpose, the SN luminosity evolution can be divided into two phases according to the different dominating physical processes.
• Photospheric Phase (t 30 d past explosion): We adopt the simple analytical model developed by Arnett (1982) for SNe Ia, which is well suited also for core-collapse SNe lacking a hydrogen recombination phase (SNe Ib/c). The model assumes homologous expansion of the ejecta, spherical symmetry, and that all radioactive Ni is located in the centre. It adopts a constant optical opacity kopt, a small initial radius before explosion (R0 → 0), and the diffusion approximation for photons (i.e., the ejecta are optically thick; see App. A). With respect to Arnett (1982) , we include also the energy produced by the 56 Co → 56 Fe decay, not only the energy produced by the 56 Ni → 56 Co decay.
• Nebular Phase (t 60 d past explosion): At late phases, with the decrease of the optical depth of the ejecta, the emitted luminosity is directly related to the instantaneous amount of energy deposition by the γ-rays from the 56 Co decay, by the γ-rays coming from the electron-positron annihilation, and by the kinetic energy of the positrons (cf. Sutherland et al. 1984; Cappellaro et al. 1997 ).
In the transition phase (30 t 60 d), where the ejecta are not completely thick but also not sufficiently thin, both approximations fail. This portion of the light curve was ignored during the fit.
The dominant physical effect to consider is that in SNe Ic, as in SNe Ia, the ejecta become rapidly and progressively more transparent to γ-rays, which thus escape. This is accounted for by multiplying the decay energy by an absorption probability (for the γ-ray photons) and by an annihilation probability (for the positrons). In the assumption of homologous expansion, these probabilities decline with time.
While this simple model gives good fits to the overall light curves of SNe Ia (Arnett 1982 , see appendix A), for SNe Ic we found an inconsistency between the parameters derived from the fitting of the early and late-time light curves. In particular, the rapid evolution of the light curve of the photospheric phase requires a high transparency of γ-rays (see Fig. 18 ) which, however, results in too low a predicted luminosity at late phase. This was already noted by Maeda et al. (2003) , who obtained a fair overall fit to the light curves of SNe Ic by schematically dividing the SN ejecta into two regions: a highdensity inner region and a low-density outer region with high and low γ-ray trapping, respectively.
It is fair to assume that the luminosities emitted by the two regions sum up to produce the total luminosity when the emission from the inner region is not absorbed by the outer ejecta. This is indeed reasonable in the nebular phase, when the outer layer is basically transparent. Conversely, during the photospheric phase the opposite regime holds: the inner region is optically thick and the emerging luminosity is a small fraction of the total luminosity. Indeed, we found that at the epoch of maximum, for typical fit parameters, the flux emerging from the inner region is at most 15-30% of the total flux.
Using this two-component model increases the number of parameters from 3 to 6, which were finally reduced to 5 assuming a homogeneous distribution of Ni in the inner and outer layers. The 5 parameters are MNi(tot), Mej (tot), E k (inner), E k (outer), and the fraction of the total mass concentrated in the dense, low-velocity inner ejecta.
In addition, the width of the light curve during the photospheric phase (w lc ) and its slope in the nebular phase (γ lc ) have a similar dependence on Mej and E k :
This introduces a degeneracy in the estimate of Mej and E k which can be removed by using some additional constraint from spectroscopy. More precisely, assuming a homogeneous density of the ejecta, the photospheric velocity at maximum is related to the kinetic energy and the ejected mass through the relation (Arnett 1982 )
As we mentioned above, at maximum the outer ejecta give the main contribution to the observed luminosity. Hence, assuming a homogeneous density in this region and measuring the photospheric velocity, we constrain the kinetic energy of the outer layers for a given mass, and thus resolve the degeneracy of Eq. 1.
For the photospheric velocity we adopt the values derived from spectral modelling (see Tab 7 ). Uncertainties are typically of the order of 10% .
The best fit of the bolometric light curve of SN 2003jd is shown in Fig. 18 (thick solid line) . The values of the physical parameters derived from the model are MNi(tot) = 0.36 ± 0.04 M⊙, Mej (tot) = 3.0 +0.5 −0.5 M⊙, and E k (tot) = 7 +3 −2 × E51. The uncertainty in the nickel mass is mainly due to that in the distance. The uncertainty in the photospheric velocity affects both the uncertainty in Mej and E k .
The values of Mej , MNi, and E k obtained by fitting the light curves of our sample of SNe Ic are reported in Tab.7. For comparison, we give estimates of the same parameters obtained from the spectral and light-curve modelling available in the literature. While the 56 Ni and EK values are consistent with those in literature, the values of Mej are smaller of ∼ 30 %. A similar underestimate of the ejected mass, together with an underestimate of the kinetic energy, was found by Richardson et al. (2006) using an analytical light curve model similar to our simple model. The twocomponents model reproduce better the light curve giving also a better estimate of the kinetic energy. Therefore we considered, to be conservative, an error of 30% in our estimate of the ejected mass of SN 2003jd (Mej = 3 ± 1 M⊙).
This estimate of the ejected mass indicates that the progenitor C+O star had a mass of ∼3-7 M⊙, which evolved most likely from a main-sequence star with Mms ∼22-28 M⊙.
If the star was on the low side of this range, it is likely to have collapsed to a neutron star. The small remnant mass would than favour the eject ion of a large mass of 56 Ni as in SN 2006aj, possibly also via a magnetar. However, the ejecta of SN 2006aj were relatively spherically symmetric ), unlike those of SN 2003jd. Although asphericity may be present in most, or possibly all corecollapse SNe, it is not clear that low-energy events can be as highly aspherical as either SN 2003jd or SN 1998bw Maeda et al. 2002) . On the other hand, the morphological similarity between the very aspherical ejecta of SN 2003jd and those of SN 1998bw (Mazzali et al. 2005 ) is an argument in favour of the collapsar scenario for SN 2003jd as well, in which case the mass of the progenitor would probably have been close to the high side of the range mentioned above.
A large E k /Mej ratio is required to reproduce the broad features. Indeed, with E51/Mej ≈ 2.3, SN 2003jd is second only to SN 1998bw (E51/Mej ≈ 4.2). SN 2004aw has energy comparable to that of SN 2003jd, but a larger ejected mass (E51/Mej ≈ 1.6). This is the reason for the slower evolution of the light curve, accompanied by narrow lines as in SN 1994I (E51/Mej ≈ 1.3).
In conclusion, SN 2003jd is a broad-line SN Ic, more massive and more energetic than the broad-line SNe 2006aj and 2002ap, but certainly less massive and energetic than SN 1998bw. The light curves are similar in shape to those of SNe 2002ap and 2006aj, but the peak luminosity is rather similar to that of SN 1998bw.
The comparison with a sample of well-studied SNe Ic confirms the heterogeneity of this SN class. However, the application of time stretching (as for SNe Ia) helps in homogenizing this class of SNe, reducing the differences among the light curves and facilitating spectral comparisons. Different explosion energies and progenitor masses are likely to be the main reasons for the discrepancies. The different viewing angles from which the SNe are observed (given the evidence for asymmetric explosions) may also explain some of the differences, but this effect is probably not large, at least for the light-curve shape (Maeda et al. 2006b ). It may, however, affect the spectra . The E k /Mej ratio seems to be the main factor in producing broad features.
The similarity to SN 2006aj, the presence of broad features, and the asymmetry shown by the oxygen double peak in the nebular spectra are in favour of an asymmetric explosion oriented away from the line of site. The radio observations argue that the asymmetry did not extended to relativistic velocities, although uncertainties in the CSM mean that 2003jd could still be a mis-directed GRB.
Finally, we used a simple model for the bolometric light curve to obtain the main physical parameters of SN 2003jd. The derived values confirm that SN 2003jd is a broad-line SN similar to SN 2002ap and SN 2006aj, but with a larger ejected mass (Mej = 3.0 ± 1.0 M⊙) and kinetic energy (E k (tot) = 7 +3 −2 × E51 erg) and producing a large quantity of 56 N i (MNi = 0.36 ± 0.04 M⊙). Comparing the physical parameters of SN 2003jd with those of other SNe Ic , SN 2003jd appears to represent a link between broad-lined SNe (2002ap and 2006aj) and GRBassociated supernovae (SNe 1997ef, 1998bw, 2003dh, and 2003lw) . Arnett (1982) for the photospheric phase and those of Sutherland et al. (1984) and Cappellaro et al. (1997) for the nebular phase, a simple model was adopted for fitting the bolometric light curves of Type I supernovae (SNe lacking the hydrogen-recombination phase):
• Photospheric phase (t 30 d past explosion): We assume homologous expansion for the ejecta, spherical symmetry, no mixing for Ni, constant optical opacity kopt, small initial radius before explosion (R0 →0), and the diffusion approximation for photons (optically thick ejecta). These assumptions are mainly those proposed by Arnett (1982) for SNe Ia, with the main exception that both 56 Ni and 56 Co are considered as energy sources. With these assumptions, the luminosity evolution in the photospheric phase is described by the following equation, a function of E k , MNi, and Mej : 
where x ≡ t/τm, y ≡ τm/(2τNi), and s ≡ (τm(τCo − τ N i)/(2τCoτNi). The energies produced in one second by one gram of 56 Ni and 56 Co are, respectively, ǫNi = 3.90 × 10 10 erg s −1 g −1 and ǫCo = 6.78 × 10 9 erg s −1 g −1 (Sutherland et al. 1984; Cappellaro et al. 1997) . Let τNi and τCo be the decay time of 56 Ni and 56 Co, respectively, while τm is the time scale of the light curve. With the assumption of a homogeneous density, τm is
where β ≈ 13.8 is a constant of integration (Arnett 1982) and kopt is the optical opacity.
• Nebular phase (t 60 d past explosion): During the nebular phase, the light curve is determined by the energy deposition of the 56 Ni → 56 Co → 56 Fe radioactive decay chain. The light curve is described by the following equation (Cappellaro et al. 1997; Sutherland et al. 1984) : 
where S Ni (γ) is the source energy of the nickel decay,
while the other terms are the amount of energy deposited by the radioactive decay of 56 Co (81% of the energy is released as γ-rays and 19% as positrons). If E is the rate of energy production by the 56 Co decay,
then the energy S Co (γ) generated by the deposition of γ-rays from 56 Co decay can be written as 
and the source energy due to the kinetic energy of the positrons S Co e + (KE) can be written as 
The incomplete trapping of γ-rays and positrons is taken into account in the terms (1 − e −(F /t) 2 ) and (1 − e −(G/t) 2 ). Under the assumption of homologous expansion, the absorption probability for γ-ray photons can be approximated by (1 − e −(F /t) 2 ) and the annihilation probability for positrons can be approximated by (1 − e −(G/t)2 ) (Clocchiatti & Wheeler 1997) . The parameters F and G are functions of the ejected mass, kinetic energy, and opacity (Clocchiatti & Wheeler 1997) :
where C(ρ) is a function of the density ρ. Using a homogeneous density, kγ = 0.027, and k e + = 7 (Clocchiatti & Wheeler 1997) , F ≈ 32Mej / √ E51 and G ≈ 515Mej / √ E51 = 16.1F (see also Colgate et al 1997) . Using the information coming from the fits to the photospheric and nebular phases, we obtain a rough estimate of the main physical parameters of the SN, without developing a specific model for each object. This simple model gives a good fit to the bolometric light curves of SNe Ia (see Fig. A1 ), while the two-component model described in §9 is needed for SNe Ic. Figure A1 . Fit of the quasi-bolometric light curves of three SNe Ia with the simple model.
